The addition of erythropoietin to cell cultures of erythroid cells of human fetal liver resulted in an increased incorporation of thymidine, adenine, and uridine into trichloroacetic acid-insoluble cell fractions and in an increased uptake of adenine and uridine into the cell. Although the effects of testosterone and erythropoietin on heme synthesis in these cells are known to be very similar, there was no effect of testosterone on the total incorporation of radioactive precursors into DNA or RNA. The RNA synthesized after short pulses of radioactive uridine, when analyzed on sucrose gradients containing 1% sodium dodecyl sulfate, consisted of a homogeneous peak sedimenting at 10 i 2 S, which is quite different from the heterogeneous, high-molecular-weight RNA synthesized under identical conditions in primary cultures of human fetal lung, kidney, or liver parenchymal cells. Addition of testosterone to liver erythroid cells in cultures for 5 hr followed by a 1-hr uridine pulse resulted in a 3-fold increase of RNA species with an average sedimentation coefficient of 14 A4 3 S. The similarity with the sedimentation coefficient of the globin mRNA described in other systems and the high degree of specialization of the erythroid cells suggest that this RNA may be a stable intermediate involved in the synthesis of hemoglobin.
1% sodium dodecyl sulfate, consisted of a homogeneous peak sedimenting at 10 i 2 S, which is quite different from the heterogeneous, high-molecular-weight RNA synthesized under identical conditions in primary cultures of human fetal lung, kidney, or liver parenchymal cells. Addition of testosterone to liver erythroid cells in cultures for 5 hr followed by a 1-hr uridine pulse resulted in a 3-fold increase of RNA species with an average sedimentation coefficient of 14 A4 3 S. The similarity with the sedimentation coefficient of the globin mRNA described in other systems and the high degree of specialization of the erythroid cells suggest that this RNA may be a stable intermediate involved in the synthesis of hemoglobin.
One of the earliest actions of erythropoietin on its target cells is the stimulation of RNA synthesis (1) (2) (3) (4) (5) (6) . We have found that primary cultures of erythroid cells from human fetal liver exhibited an enhanced synthesis of heme after addition of erythropoietin or testosterone and that the heme fraction associated with hemoglobin showed the highest stimulation (7) .
At the present time it cannot be said with certainty if testosterone itself is active in hematopoietic cells or whether it exerts its effects via a metabolite(s) with the 5,8-configuration. Several observations support a direct role of testosterone. Erythropoietic mouse spleen and rat bone marrow cells contain testosterone receptors, and there is no metabolism of the hormone in mouse spleen (8, 9) . The effects of testosterone on colony formation in hematopoietic cells of mice are seen within a few minutes after hormone administration (10) when extensive metabolism of the hormone is not to be expected. In this system testosterone and 5(3-metabolites are equally active in colony formation, whereas in human fetal erythroid cells testosterone seems to be the most active of a large number of steroids tested to date (ref. 7 , and our own unpublished results). There are two pieces of evidence that suggest a role of metabolites with the 5(3-configuration. One is the high degree of specificity of the action of 5,B-reduced steroids in human bone marrow cells, where both heme and globin synthesis are stimulated (11 centrations were 50 nM testosterone and 0.5 U/ml of erythropoietin. The methods used in preparing these solutions have been described in detail (7) . The methods for the preparation of primary cultures of kidney, lung, and liver cells have been described (7, 12) . All experiments with primary liver erythroid cells were done 1 day after plating. All incubations were carried out in a humidified incubator at 370 with 5% C02-95% air. The details for each type of experiment will be described.
The total incorporation of radioactive uridine and/or adenine into RNA was measured as described (12 (24 hr) incubation period was statistically significant (P < 0.02 and P < 0.002, respectively; n = 8); the increase in uridine incorporation after erythropoietin treatment was also significant (P < 0.01 for the 6-hr incubation, P < 0.001 for the 24-hr incubation). The differences between controls and testosterone-treated cultures were not significant. of [14C]uridine. After a 30-min pulse at 370, the cells were washed with Hank's balanced salt solution and the nucleic acids were precipitated with trichloroacetic acid. Aliquots for determination of radioactivity were taken from the cold-acidsoluble fraction (soluble precursors) and from the cold-acidinsoluble fraction (nucleic acids) (12) . Thymidine was incorporated into acid-insoluble material as indicated for RNA synthesis, except that after the acid-insoluble material was washed in 75mM trichloroacetic acid and ethanol (12) , the pellets were dissolved in Nuclear Chicago Solubilizer and counted in 11 ml of Instagel (Packard). Labeled thymidine (2 MCi/ml) was added to the incubation medium. For the measurement of the degree of phosphorylation of uridine, the uridine and uridine nucleotides were recovered from the cold-acid-soluble fraction with acid-washed Norit (13) and analyzed in a AG1 column (X 10, 200-400 mesh), as indicated by Lindsay et al. (14) . RNA This buffer is a slight modification of that used by Schutz et al. (15) , and contained 0.1% sodium dodecyl sulfate in 0.14 M NaCl and 0.05 M sodium acetate, pH 5.0. The RNA was extracted twice with the same amount of water-saturated phenol at 250 for 10 min, and the phenol phase and the interphase were also extracted with the same volume of fresh extraction buffer at 650. The RNA in the pooled water fractions was precipitated with 2.5 volumes of ethanol at -20'C overnight. Extracted RNA was analyzed by sucrose density gradient centrifugation as described (12) , with the exception that denaturing conditions (1% sodium dodecyl sulfate in all solutions) were used and centrifugation was at 200 instead of 40 
RESULTS
The human fetal liver at midterm contains mainly erythroid cells. The ratio of these cells to nonhematopoietic elements is about 100:1 (16 poietin significantly increased the total DNA and RNA synthesis in short-or long-time incubations. We were primarily interested in the relation between early effects of the hormones on nucleic acid synthesis and heme synthesis. For this reason all the following experiments were carried out after a short incubation time, namely 6 hr, with the hormones, followed by a 30-min pulse with radioactive precursors. The results of these studies are summarized in Table 1 . After testosterone treatment there was no significant change in the incorporation of thymidine, adenine, or uridine into nucleic acids. Erythropoietin stimulated the uptake of adenine and uridine into the cell and the incorporation of thymidine, adenine, and uridine into cold-acid-soluble materials.
In previous experiments we found that the stimulatory effect of testosterone on heme synthesis in fetal liver depended on the gestational age of the fetuses used for the preparation of the cells. The maximum stimulation was observed in cells taken from fetuses of 10-11 weeks of gestation (7) . After the addition of testosterone the incorporation of uridine into total RNA remained unchanged in cells from fetuses of [10] [11] [12] [13] [14] [15] without testosterone or erythropoietin present in the culture medium. The 1-hr uridine pulse was the standard incubation time used for the sucrose gradient analysis described below. Fig. 2 shows the sedimentation characteristics of the RNA synthesized in freshly prepared fetal liver cultures, which consist mainly of erythroid cells (7) , and of RNA synthesized by cells of other tissues under identical conditions. The RNA synthesized in kidney and lung cells after a 1-hr pulse with radioactive uridine is heterogeneous and consists mainly of high-molecular-weight species. By contrast, RNA synthesized by liver cultures had a low molecular weight and a sedimentation coefficient of about 10 S. Fig. 3 shows the sedimentation properties of RNA synthesized in liver erythroid cells com- pared with that synthesized in 5-day-old liver cell cultures, which contain mainly liver epithelial cells and are free of all erythroid cells. RNA sedimenting at 10 S was only observed in the cultures consisting of erythroid cells, whereas liver epithelial cells synthesize a heterogeneous, high-molecular-weight RNA. A small shoulder at 10 S was observed in the RNA gradient of the latter cells. Fig. 4 shows the sedimentation properties of RNA synthesized by erythroid cells after a 5-, 10-, and 30-min pulse with [3H]uridine. The sedimentation profiles look very similar to one another, with the main radioactivity peak appearing in the same position on the gradient.
One-day-old liver cell cultures were incubated for 5 hr with testosterone followed by a 1-hr pulse with ['H]uridine. A control culture was treated in the same way, with [14C]uridine as a precursor but with no testosterone in the L-15 medium. At the end of the incubation both cultures were pooled and the RNA was extracted and analyzed. The results are shown in Fig. 5 . The 'H/14C ratio in the RNA should remain constant in all of the gradient fractions if there were no specific stimulation or inhibition in any of the RNA species separated under these conditions (12) . This was not observed after testosterone treatment. We detected an increased incorporation of [H Iuridine in a part of the gradient close to the main radioactivity peak, sedimenting at 10-14 S (Fig. 5) . The evidence that this is not an artifact of the 'H/14C labeling technique was the fact that identical results were obtained when the 3H and 14C were reversed in the precursors used and the products formed were analyzed in an identical manner. A total of eight experiments of this type were performed. In half of them we used ["4C]-uridine in the controls, and in the other half ['H]uridine was used. The sedimentation coefficients were calculated, taking the peaks of 18 S and 28 S as reference points, according to the method of Martin and Ames (17) . The average sedimentation coefficient of the radioactivity peak -± standard error was 10 + 2 S. The average sedimentation coefficient of the RNA fraction stimulated by testosterone treatment was 14 ± 3 S. The difference between these two coefffcients was not statisti- cally significant. The average increase of the testosteronestimulated RNA fraction was of the order of 2.9 4-0.4 (ratio of testosterone/controls i SEM). This difference to the controls was statistically significant (P < 0.002, t-test). In only two of the experiments could we observe an additional peak at 35 S that was previously not seen in the absence of testosterone.
DISCUSSION
The incorporation of radioactive precursors into cold trichloroacetic acid-insoluble materials can only detect very large changes in the total nucleic acid synthesis of the cell, as is evident from the incorporation of labeled precursors into DNA and RNA of erythroid cells stimulated by the addition of erythropoietin ( Fig. 1 (Fig. 1 and Table 1 ). The induction of the rate-limiting enzyme of heme synthesis, 6-aminolevulinic acid synthetase, does not seem to require a total increase in RNA synthesis (18) . Etiochlolanolone, an inducer of this enzyme, can stimulate the a-amanitin-sensitive RNA polymerase activity of chick liver, indicating a qualitative change in the RNA synthesized (19) . The inhibition by actinomycin D or a-amanitin of the heme synthesis stimulated by testosterone indicates that a requirement for RNA synthesis exists at some step in the mechanism of action of this hormone (7) . The marked stimulation by testosterone of RNA sedimenting at about 14 S substantiates this dependency on RNA synthesis (Fig. 5) . The high degree of specialization of the erythroid cell and the similarity of the rapidly labeled Proc. Nat. Acad. Sci. USA 72 (1975) RNA described here to the hemoglobin mRNA of other systems, which sediments at about 9-10 S (20, 21) , suggest that this RNA may be involved in the synthesis of hemoglobin as a direct precursor of globin mRNA. It is improbable that the mRNA precursor coding for enzymes involved in heme synthesis could be detected by this method of labeling. The amounts of mRNA needed for globin chains are much larger than those mRNAs needed for enzymes of heme synthesis. Each heme incorporated into hemoglobin requires a priori synthesis of the globin chain. In our system of primary cultures the greatest stimulation observed with testosterone was for the heme associated with hemoglobin.
The data reported in this paper support the concept that the stimulatory action of androgens on erythroid cells is by a mechanism different from that of erythropoietin. The evidence for this concept is as follows. Erythropoietin, but not testosterone, is capable of stimulating total DNA and RNA synthesis in liver erythroid cells. Testosterone has its optimal effect on the synthesis of heme associated with hemoglobin in cells of fetuses of 10-11 weeks of gestation (7), whereas erythropoietin has its optimal effect on cells from fetuses of gestational age 14-18 weeks (22) . Kinetic studies in tivo indicate that androgens such as 19-nortestosterone act on erythroid cells to increase the size of the stem cell population capable of responding to erythropoietin (23) . In all of these discussions it should be borne in mind that testosterone is not found in the liver of the midterm human fetus but in the adrenals and gonads (24) . As for cAMP involvement, it has been shown that both testosterone and erythropoietin action on hematopoietic cells are independent of this cyclic nucleotide (25, 26) .
RNA synthesis in human liver erythroid cells has unusual characteristics. Even after extremely short uridine pulses the main peak of radioactivity sediments at 10 S (Fig. 4) . This sedimentation characteristic is completely different from the RNA synthesized by human fetal lung, kidney, or liver epithelial cells (Figs. 2 and 3 ) and also differs greatly from the rapidly labeled, high-molecular-weight RNA that has been described as a precursor of globin mRNA in other systems (20) . It is possible that the sedimentation characteristics 'observed are the end result of nuclease action in vivo on a highmolecular-weight RNA precursor or of artificial formation during the isolation. The fact that degradation stops with an RNA sedimenting at 10 S instead of continuing to oligonucleotides strongly suggests a rather specialized maturation process.
The experiments described do not differentiate between the transcription of RNA or the processing of a high-molecularweight RNA as the possible sites of action of testosterone. The hormone could act at the level of RNA synthesis or at the level of RNA maturation; both processes of RNA metabolism are steps where a regulation of specific gene expression can occur.
Studies on the regulation of human fetal liver erythropoiesis described herein are of importance because they offer a unique model for investigation of fetal hemoglobin synthesis. In this model the indicators of the action of an androgen can be described in terms of stimulation of a definitive, readily identifiable, product, namely, fetal hemoglobin. 
